In many of the following Listings (e.g. neutrino disappearance and appearance experiments), results are presented assuming that mixing occurs only between two neutrino species, such as ν τ ↔ ν e . This assumption is also made for leptonnumber violating mixing between two states, such as ν e ↔ ν µ or ν µ ↔ ν µ . As discussed in Kayser's review, the assumption of mixing between only two states is valid if (a) all mixing angles are small or (b) there is a mass hierarchy such that one ∆M 2 ij , e.g. ∆M 2 21 = M 2 ν 2 − M 2 ν 1 , is small compared with the others, so that there is a region in L/E (the ratio of the distance L that the neutrino travels to its energy E) where ∆M 2 21 L/E is negligible, but ∆M 2 32 L/E is not. In this case limits or results can be shown as allowed regions on a plot of |∆M 2 | as a function of sin 2 2θ. The simplest situation occurs in an "appearance" experiment, where one searches for interactions by neutrinos of a variety not expected in the beam. An example is the search for ν e interactions in a detector in a ν µ beam. For oscillation between two states, the probability that the "wrong" state will appear is given by Eq. 11 in Kayser's review, which may be written as
where |∆M 2 | is in eV 2 and L/E is in km/GeV or m/MeV. In a real experiment L and E have some spread, so that one must average P over the distribution of L/E. As an example, let us make the somewhat unrealistic assumption that b ≡ 1.27L/E has a Gaussian distribution with standard deviation σ b about a central value b 0 . Then:
The value of P is set by the experiment. For example, if 230 interactions of the expected flavor are detected and none of the wrong flavor are seen, then P = 0.010 at the 90% CL. * We can then solve the above expression for sin 2 2θ as a function of |∆M 2 |. This function is shown in Fig. 1 . † Note that:
(a) since the fast oscillations are completely washed out by the resolution for large |∆M 2 |, sin 2 2θ = 2 P in this region;
(b) the maximum excursion of the curve to the left is to sin 2 2θ = P with good resolution, with smaller excursion for worse resolution. This "bump" occurs at |∆M 2 | = π/2b 0 eV 2 ; (c) for large sin 2 2θ, ∆M 2 ≈ ( P / sin 2 2θ) 1/2 /b 0 ; and, consequently, (d) the intercept at sin 2 2θ = 1 is at ∆M 2 = P /b 0 .
The intercept for large |∆M 2 | is a measure of running time and backgrounds, while the intercept at sin 2 2θ = 1 depends also on the mean value of L/E. The wiggles depend on experimental features such as the size of the source, the neutrino energy distribution, and detector and analysis features. Aside from such details, the two intercepts completely describe the exclusion region: For large |∆M 2 |, sin 2 2θ is constant and equal to 2 P , and for large sin 2 2θ the slope is known from the intercept. For these reasons, it is (nearly) sufficient to summarize the results of an experiment by stating the two intercepts, as is done in the following tables. The reader is referred to the original papers for the two-dimensional plots expressing the actual limits. If a positive effect is claimed, then the excluded region is replaced by an allowed band or allowed regions. This is the case for the LSND experiment [2] and the SuperKamiokande analysis of R(µ/e) for atmospheric neutrinos [3] .
,,, ,,, ,,, ,,, ,,, Neutrino oscillation parameter ranges excluded by two hypothetical experiments (a and b) described by Eq. (2) and one real one (c). Parameters for the first two cases are given in the footnotes. In case (a) one searches for the appearance of neutrinos not expected in the beam. The probability of appearance, in this case 0.5% at some specified CL, is set by the number of right-flavor events observed and/or information about the flux and cross sections. Case (b) represents a disappearance experiment in which the flux is known in the absence of mixing. In case (c), the information comes from measured fluxes at two distances from the target [4] .
In a "disappearance" experiment, one looks for the attenuation of the beam neutrinos (for example, ν k ) by mixing with at least one other neutrino eigenstate. (We label such experiments as ν k / → ν k .) The probability that a neutrino remains the same neutrino from the production point to detector is given by
where mixing occurs between the kth and jth species with P (ν k → ν j ) given by Eq. (1) or Eq. (2) . In contrast to the detection of even a few "wrong-flavor" neutrinos establishing mixing in an appearance experiment, the disappearance of a few "right-flavor" neutrinos in a disappearance experiment goes unobserved because of statistical fluctuations. For this reason, disappearance experiments usually cannot establish small-probability (small sin 2 2θ) mixing.
Disappearance experiments fall into two general classes:
I. Those in which the beam neutrino flux is known, from theory or from other measurements. Examples are reactor ν e experiments and certain accelerator experiments. Although such experiments cannot establish very small-sin 2 2θ mixing, they can establish small limits on ∆M 2 for large sin 2 2θ
because L/E can be very large. An example, based on the Chooz reactor measurements [5] , is labeled "Disappearance I" in Fig. 1 . ‡ II. Those in which attenuation or oscillation of the beam neutrino flux is measured in the apparatus itself (two detectors, or a "long" detector). Above some minimum |∆M 2 | the equilibrium is established upstream, and there is no change in intensity over the length of the apparatus. As a result, ‡ Curve parameters P = 0.1, L/E = 237, and σ b /b 0 = 0.5. For the actual Chooz experiment [5] , L/E ≈ 300 and the limit on P is 0.09.
sensitivity is lost at high |∆M 2 |, as can be seen by the curve labeled "Disappearance II" in Fig. 1 
The decay length of the heavy lepton is assumed to be < 1 cm, limiting the square of the mixing angle U j 2 to 10 −12 .
3 BUSKULIC 96S requires the decay length of the heavy lepton to be < 1 cm, limiting the square of the mixing angle U j 2 to 10 −10 .
4 BUSKULIC 96S limit for mixing with τ . Mass is > 63.6 GeV for mixing with e or µ. 5 BUSKULIC 96S limit for mixing with τ . Mass is > 55.2 GeV for mixing with e or µ. 6 ABREU 92B limit is for mixing matrix element ≈ 1 for coupling to e or µ. Reduced somewhat for coupling to τ , increased somewhat for smaller mixing matrix element. Replaces ABREU 91F. 7 ADRIANI 92I is a search for isosinglet heavy lepton N which might be produced from Z → ν N , then decay via a number of different channels. Limits are weaker for decay lengths longer than about 1 m. 8 ADEVA 90S limits for the heavy neutrino apply if the mixing with the charged leptons
for m L 0 = 40 GeV. 9 AKRAWY 90L limits valid if coupling strength is greater than a mass-dependent value, e.g., 4.9 × 10 −7 at m L 0 = 20 GeV, 3.5 × 10 −8 at 30 GeV, 4 × 10 −9 at 40 GeV. 10 Limits apply for = e, µ, or τ and for V −A decays of Dirac neutrinos. 11 BURCHAT 90 searched for Z decay to unstable L 0 pairs at SLC. It includes the analyses reported in JUNG 90, ABRAMS 89C, and WENDT 87. 12 For 25 < m L 0 < 42.7 GeV, DECAMP 90F exclude an L 0 for all values of U j 2 .
13 SHAW 89 also excludes the mass region from 8.0 to 27.2 GeV for Dirac L 0 and from 8.1 to 23.6 GeV for Majorana L 0 with equal full-strength couplings to e and µ. SHAW 89 also gives correlated bounds on lepton mixing.
14 AKERLOF 88 is PEP e + e − experiment at E cm = 29 GeV. The L 0 is assumed to decay via V −A to e or µ or τ plus a virtual W . 15 MISHRA 87 is Fermilab neutrino experiment looking for either dimuon or double vertex events (hence long-lived). 16 WENDT 87 is MARK-II search at PEP for heavy ν with decay length 1-20 cm (hence long-lived). 17 BADIER 86 is a search for a long-lived penetrating sequential lepton produced in π − -nucleon collisions with lifetimes in the range from 5 × 10 −7 -5 × 10 −11 s and decaying into at least two charged particles. U e j and U m,j are mixing angles to ν e and ν µ . See also the BADIER 86 entry in the section "Searches for Massive Neutrinos and Lepton Mixing". 
Astrophysical Limits on
where g ν is the number of spin degrees of freedom for ν plus ν: g ν = 4 for neutrinos with Dirac masses; g ν = 2 for Majorana neutrinos. Stable neutrinos in this mass range make a contribution to the total energy density of the Universe which is given by
where the factor 3/11 is the ratio of (light) neutrinos to photons.
Writing Ω ν = ρ ν /ρ c , where ρ c is the critical energy density of the Universe, and using n γ = 412 cm −3 , we have
Therefore, a limit on Ω ν h 2 such as Ω ν h 2 < 0.25 gives the limit m tot < 24 eV .
The limits on high mass (m ν > 1 MeV) neutrinos apply separately to each neutrino type. (C) Searches for neutrinoless double-β decay (C) Searches for neutrinoless double-β decay (C) Searches for neutrinoless double-β decay (C) Searches for neutrinoless double-β decay
LIMITS FROM NEUTRINOLESS ββ DECAY
Revised 1995 by P. Vogel (Caltech).
Limits on an effective Majorana neutrino mass and a leptonnumber violating current admixture can be obtained from lifetime limits on 0νββ nuclear decay. The derived quantities are model-dependent, so the half-life measurements are given first. Where possible we list the references for the matrix elements used in the subsequent analysis. Since rates for the more conventional 2νββ decay serve to calibrate the theory, results for this process are also given. As an indication of the spread among different ways of evaluating the matrix elements, we show in Fig. 1 
To define the limits on lepton-number violating right-handed current admixtures, we display the relevant part of a phenomenological current-current weak interaction Hamiltonian: Figure 1 : Nuclear matrix elements for 0νββ decay calculated by a subset of different methods and different authors for the most popular double-beta decay candidate nuclei. Recalculated from the published half-lives using consistent phase-space factors and g A = 1.25. The QRPA [3] value is for α = −390 MeV fm 3 .
where Experiments are not sensitive to κ, but quote limits on quantities proportional to η and λ. * In analogy to m ν (see Eq. 11 in the "Note on Neutrinos" at the beginning of the Neutrino Particle Listings), the quantities extracted from experiments are η = η U 1j V 1j and λ = λ U 1j V 1j , where V ij is a matrix analogous to U ij (see Eq. 2 in the "Note on Neutrinos"), but describing the mixing among right-handed neutrinos. The quantities η and λ therefore vanish for massless or unmixed neutrinos. Also, as in the case of m ν , cancellations are possible in η and λ . The limits on η are of order 10 −8 while the limits on λ are of order 10 −6 . The reader is warned that a number of earlier experiments did not distinguish between η and λ. Because of evolving reporting conventions and matrix element calculations, we have not tabulated the admixture parameters for experiments published earlier than 1989.
See the section on Majoron searches for additional limits set by these experiments. mode accounts for less than 0.026% of their event sample. They also note that their result disagrees with the previous experiment by the NEMO group (BLUM 92). 39 BELLOTTI 87 searches for γ rays for 2 + state decays in corresponding Xe isotopes. Limits on Lepton-Number Violating (V +A) Current Admixture Limits on Lepton-Number Violating (V +A) Current Admixture Limits on Lepton-Number Violating (V +A) Current Admixture Limits on Lepton-Number Violating (V +A) Current Admixture For reasons given in the discussion at the beginning of this section, we list only results from 1989 and later. λ = λ U 1j V 1j and η = η U 1j V 1j , where the sum is over the number of neutrino generations. This sum vanishes for massless or unmixed neutrinos. In the following Listings, only best or comparable limits or lifetimes for each isotope are reported. (D) Other bounds from nuclear and particle decays (D) Other bounds from nuclear and particle decays (D) Other bounds from nuclear and particle decays (D) Other bounds from nuclear and particle decays proved proportional chamber to which a small amount of 3 H is added. Systematics are significantly reduced, allowing for an improved upper limit. The authors give a 99% confidence limit on U 1 j 2 as a function of m ν j in the range from 13.5 keV to 17.5 keV.
Footnotes and References
Typical upper limits are listed above. They report that this experiment in combination with BAHRAN 92 gives an upper limit of 2.4 × 10 −3 at the 99% CL. See also the related papers BAHRAN 93, BAHRAN 93B, and BAHRAN 95 on theoretical aspects of beta spectra and fitting methods for heavy neutrinos. 69 MORTARA 93 limit is from study using a high-resolution solid-state detector with a superconducting solenoid. The authors note that "The sensitivity to neutrino mass is verified by measurement with a mixed source of 35 S and 14 C, which artificially produces a distortion in the beta spectrum similar to that expected from the massive neutrino." 70 OHSHIMA 93 is the full data analysis from this experiment. The above limit on the mixing strength for a 17 keV neutrino is obtained from the measurement U 
